When natural disasters cause bridges to collapse, the delivery of rescue equipment and supplies to remote disaster areas is impeded and disaster relief efforts are thus delayed. In this study, to enhance and improve light bridges for disaster relief, a neutral equilibrium mechanism (NEM) is proposed to adjust the internal force of the bridge and reduce the deformation of the bridge. e NEM is installed at the center of a bridge to form a virtual bridge pier. A prototype of the NEM, composed of a pair of prestressed steel tendons, two pairs of anchor seats, a rotation cantilever arm mechanism, and a pair of radio-controlled (RC) servos, is proposed to test and verify the control effect of a bridge with the NEM. Test and analysis results show the following: (1) e rotation angle of the cantilever arm can be rotated by the RC servo to appropriate angles to provide adequate upwards resultant force to balance the moving load. (2) e vertical displacement of the bridge can be controlled to close to zero by this proposed NEM. (3) e maximum vertical displacement at the midpoint of a bridge with the NEM control mechanism can be controlled to far below 1/400 of the span of the bridge required by the design criteria. (4) A bridge under the control of an NEM under a lowspeed moving load with various control gains achieves fine displacement reduction effects, but the displacement reduction effect for a high-speed moving load with low control gain decreases. Test results also show that the bearing capacity of an existing bridge with an NEM can be increased and the weight of the bridge can be reduced. e effective span of a bridge can be increased without increasing the depth of the cross section. e feasibility and practicality of applying this proposed NEM to form a virtual pier of a bridge have been verified in this study.
Introduction
e intensity of natural disasters such as earthquakes, mudslides, and slope land collapses has increased recently. When such disasters occur, rescue equipment and supplies must arrive in disaster areas in the shortest possible time to save lives. If a bridge is damaged, rescuers will not be able to reach the disaster area and disaster relief will be delayed.
erefore, lightweight bridges for disaster relief are very important components of the disaster relief system.
To enhance and improve lightweight bridges for disaster relief, many scholars and research teams [1] [2] [3] [4] [5] have focused on improving bridge performance and applied FRP material as the construction material of bridge [6] [7] [8] [9] [10] . Especially, a cooperative research project by the National Center for Research on Earthquake Engineering (NCREE) and National Taipei University of Technology (NTUT) [11] has developed a lightweight cable-stayed bridge using fiberreinforced plastic (FRP) materials. ey have broken new ground in the field of assembly efficiency and bearing capacity for this newly designed bridge. However, the erection of the lightweight bridge is restricted by the available space at the site, support conditions, and other factors in the area of the damaged bridge. us, the currently available structural system of a bridge cannot be applied to all disaster scenes.
erefore, an application of structure control (variable structure control), known as the neutral equilibrium mechanism (NEM), is proposed to adjust the internal force of the bridge and reduce the deformation of the bridge so as to achieve three effects: enhancing the bearing capacity of an existing bridge, reducing the dead load of a bridge, and increasing the effective span of a newly constructed bridge or an existing bridge.
e NEM is a mechanism that produces a control force for a bridge that reduces the deformation of the bridge structure under a moving load by means of active control. In this method, a force mechanism is installed at the midpoint of the bridge. is reaction mechanism takes the prestressed steel tendons as the reaction point and changes the action force (control force) to the bridge as the moving load shifts.
en, the vertical displacement of the bridge at the installation position can be controlled to almost zero. is NEM can achieve control performance requirements, which only require small energy to overcome the additional torque generated by inertia, friction loss, and control errors. Actually, the NEM applies the active structural control method to reduce the dynamic and static deformation of a lightweight bridge. is study excluded common active control, which requires a large energy supply.
To improve the capability of a structure to withstand a dynamic load and ensure the safety of people and objects around the structure, structural design technology has been under continuous development for many years. Active control [12] [13] [14] [15] was developed in response to this requirement. Various systems such as supplementary damping system (SDS) [16] [17] [18] , the mass damping system (MDS) [19] [20] [21] [22] [23] [24] [25] , and active mass damping system (AMDS) [26, 27] have been widely studied and applied in active structural control. ese systems have been tested and their performance verified on long structures that are highly sensitive to external disturbances. e control force of AMDS is generated by the calculated control force, based on the structural acceleration, velocity, and displacement responses induced by the external excitation force. e key to the interior of these damping systems is a controller that enhances the system's vibration decay rate.
ese controllers may be highly complex and require an intricate design, depending on the different characteristics of the control system.
To overcome the highly complex design mechanism of active control, this study proposes a neutral equilibrium mechanism (NEM) consisting of a set of stable and unstable equilibrium components based on the concept of the neutral equilibrium mechanism [28] . is prototype of an NEM is composed of a pair of prestressed steel tendons, two pairs of anchor seats, a rotation cantilever arm mechanism, and a pair of radio-controlled (RC) servos based on the concept and characteristics of NEM, and it is installed at the midpoint of the bridge to produce an upward resultant control force, in essence forming a virtual pier. A moving load traveling at various speeds was applied to a reduced-scale bridge with an NEM to test and verify the dynamic balance action force produced by the RC servo to rotate the cantilever arm to the appropriate position based on detection of the load with vibration sensors. ese test results were compared with the test results of the same test model without an NEM to demonstrate control of the vertical displacement of the bridge to almost zero. To investigate the influence of the control gains of the PID controller for this proposed NEM, dynamic tests of a bridge with an NEM under low-speed and high-speed moving loads with various control gains were conducted and the displacement reduction effects were compared.
Concept of Applying a Neutral Equilibrium
Mechanism as a Virtual Pier e strength of the materials and functionality are two important factors in bridge design. Especially, e allowable vertical displacement of FRP pedestrian bridge should be less than L (span of bridge)/400 [29] . e fundamental frequency of FRP pedestrian bridge on vertical direction should be greater than 3 Hz and 5 Hz for AASHTO and USDA, respectively. e fundamental frequency of FRP pedestrian bridge on lateral direction should be greater than 1.3 Hz and 3 Hz for AASHTO and USDA, respectively [29, 30] . e load characteristics of a moving load affect the vertical deflection of a bridge.
e vertical displacement should be restricted to within the allowable design values for vertical displacement of the bridge. To raise the traffic service standards and the structural safety of a bridge, the bridge deck section should be increased and materials of suitable strength should be selected. In addition, the span of a bridge is also affected by the design parameters of a dead load, a live load, a seismic load, wind force, etc. To reduce construction costs, a support point, or bridge pier, must be set up at the midpoint of a bridge to reduce the depth of the bridge section. However, the location of the pier is affected by geological conditions and other engineering factors. In this study, to control the vertical deflection of a bridge, the concept of the neutral equilibrium mechanism, or NEM, is applied to form a virtual pier for a bridge. is proposed NEM alters the upward active control force of NEM to bridge, the internal energy of NEM without increasing and decreasing.
en, the active control force of the control mechanism in the NEM can be changed according to variation in the vertical deflection of the bridge, which is affected by the moving load.
Concept and Component Parts of the Neutral Equilibrium
Mechanism.
e main concept of the neutral equilibrium mechanism is that an unstable control mechanism and a stable structure frame series are employed to achieve a neutral equilibrium system. is system does no damage to the structure caused by the unstable state of the structure, and it also produces arbitrary control force to the structure. erefore, the prototype and control instruments of the NEM, illustrated in Figure 1 , are proposed in this study. is proposed prototype of an NEM to function as a virtual pier of a bridge is composed of a cantilever mechanism with two RC servos, two steel tendons, a microcontroller unit (MCU) [31] , and anchor seats.
e steel tendons with prestressed force provide the control force for the cantilever mechanism.
e anchor seats fix the prestressed steel tendons in position. e MCU contains a CPU 2 Advances in Civil Engineering (processor cores) along with memory and programmable input/output peripherals to detect the responses of the bridge at the installation position, induced by the vertical load from a moving load, and to provide control signal to the RC servo. e RC servo controls the rotation of the cantilever arm, which in turn controls the angle between the resultant force, provided by steel tendons on the lever arms, and the horizontal plan.
Connections of the MCU and Instruments of the NEM.
e prototype of NEM is composed of two symmetrical cantilever mechanisms: two RC servos and a microcontroller unit (MCU) system. e MCU system includes an Arduino Nano, two acceleration sensors (MPU-9250), a potential meter, an SD module, and a 6 V power supply.
e potential meter in this experimental set up is used to detect the variation in bridge displacement at the positions of the two symmetrical cantilever mechanisms. Sensors 1 and 2 of MPU-9250 are applied to measure the angle of lever arm and displacement meter, respectively. e MCU receives signals from the potential meter to change the rotation angle of the cantilever mechanisms so as to adjust the resultant force applied by the prestressed steel tendons of the NEM bridge and thereby cancel out the displacement of the bridge. e connections of the MCU and instruments of this proposed NEM are shown in Figure 1 and Table 1 .
e RC servo of the NEM can alter the rotation angle of the two symmetrical cantilever mechanisms. An RC servo is a main actuator for small-scale robotics that provides accurate rotation angles and sufficient torque with tiny energy supply. e RC servo is controlled by a pulse-width modulation (PWM) signal. e "width of duty cycle high" is applied to control the rotation angle of the RC servo via three wires: two wires for the DC power supply and one for the PWM signal. e angle of the actuator arm of the RC servo is moved by pulses sent over the control wire. A standard 90°RC servo is employed in this proposed NEM. A pulse of 1.0 ms duty-high sets it to 0°, and one of 2.0 ms duty-high, to 90°. In this research, a low-cost microcontroller, the Arduino Nano, is applied to serve as the controller of the whole system and to generate the PWM signal for the RC servo.
Operation Mechanism.
To describe the actual operating mechanism of the NEM in detail, the following graphics are specifically described. e bridge length is divided into four sections. e location labeled 2, in Figure 2 , should have a pier for the bridge. is pier is replaced with the NEM to illustrate the operation of this mechanism. e operating mechanism of the NEM is described in five stages.
(i) Stage One. When the load is located at the beginning of the bridge, the microcontroller unit only detects the responses, induced by the weight of the bridge itself. e rotation angle of the cantilever arm is rotated to the nearly horizontal direction by the RC servo, as shown in Figure 2 . e upwards resultant force is almost zero because there is no moving load on the bridge.
(ii) Stage Two. When the load moves onto the 1/4 point of the bridge, the microcontroller unit detects the responses, induced by the moving load and the weight of the bridge itself. e rotation angle of the cantilever arm is transferred to the appropriate angle by the RC servo, as shown in Figure 3 , to produce an appropriate upwards resultant force to balance the vertical load. (iii) Stage ree. When the load is at the midpoint of the bridge, it is located directly above the virtual pier. e rotation angle of the cantilever arm is rotated to a larger angle by the RC servo to produce a larger upwards resultant force to balance the vertical load, as shown in Figure 4 . (iv) Stage Four. When the load moves to the 3/4 point of the bridge, the rotation angle of the cantilever arm is rotated to an angle less than that of the third stage to balance the upwards resultant force and the vertical load, as shown in Figure 5 . (v) Stage Five. When the load moves to the end of the bridge, the situation is similar to that of the first stage. e microcontroller unit detects the responses, induced by the weight of the bridge itself again. e rotation angle of the cantilever arm is moved to the nearly horizontal direction by the RC servo. ere is no moving load on the bridge; therefore, the upwards resultant force is almost zero, as shown in Figure 6 . 
Upwards Resultant Force of the Bridge with the NEM.
In this study, the upwards resultant force u, also known as control force, provided by this proposed NEM is the vertical component of the resultant force R, acted on the cantilever arms, produced by the prestressed steel tendons, as shown in Figure 7 . is force can form a virtual pier to provide the bridge an upward support force. A mathematical model of the concept of this proposed NEM can be described as follows.
Assuming the prestressed force of steel tendons as T, the span of the bridge as L and the length of the cantilever arms as l, then the angle of the steel anchor line and tendon can be obtained as follows:
en, the resultant force R can be obtained from θ as follows:
In the operating mode of this proposed NEM, vertical displacement signals detected by the potential meter are sent to the MCU, which orders the RC servo to rotate the cantilever arms to suitable angles to produce an upwards resultant force. e rotation angle of the cantilever arms varies from horizontal to vertical to the bridge deck, as shown in Figure 8 .
e upwards resultant force u can be adjusted through the rotation angles ϕ of the cantilever arms to change the direction of the force R on the cantilever arms. ϕ is the angle between the cantilever arms and the bridge deck. e upwards resultant force u is the size of the control force. e force direction is upward, which causes upward displacement to offset the downward displacement caused by the vehicle load.
e horizontal component of the resultant force can be neutralized by the opposite directions of the two symmetric horizontal components of the cantilever arms.
e control force u can be obtained by ϕ, as follows:
Control Law and Parameters of the NEM
To deduce the control law and understand the forced behavior of a bridge with the NEM under a moving load of a vehicle, rigid body motion of a single degree of freedom ( Figure 9 ) was investigated in this study. en, a physical model was tested, and the theoretical model of this proposed model was investigated. e equation of motion for rigid body motion of a single degree of freedom is expressed as follows:
where m represents the mass of the bridge; c represents a damping coefficient; k represents the stiffness of the spring; x represents the vertical displacement of the bridge; p(t) represents external force, relative to time; and u(t) represents the control force of the NEM.
Definitions of Control Force and Control Parameters.
e NEM can operate with a very small power supply and generate a powerful control force to counteract the effects of external forces on the bridge. To achieve the goal of automatic control to zero displacement at the installation position of the mechanism, the controller must continuously monitor variations in the vertical displacement of the bridge at the installation position of the mechanism. erefore, the characteristics of the PID controller are applied in this study to calculate the target angle of the cantilever arm in the next stage, and then, the target angle is transmitted to the RC servos to complete the rotation angle of the cantilever arm.
erefore, when the NEM is controlled, the linear control law is used in the calculation of the rotation angle in this study [32] . Defining the rotation angle is the linear combination of the displacement and velocity as one of the degrees of freedom reaction, shown as follows:
where G P is the gain coefficient of displacement, proportional control gain; G I is the gain coefficient of the integral item, integral control gain, also called the adjustment coefficient; G D is the gain coefficient of velocity, differential control gain; x(t) is the displacement function of the installation position of the NEM; and t represents time. erefore, the rotation angle, produced by the NEM, can be expressed as follows: 
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In the discrete control system, equation (6) is equivalent to the following equation:
Parameter Adjustment of the PID Controller.
e control effect of the proportional control gain (G P ) occurs when the upward control force increases or decreases with the downward displacement of the bridge at the installation position of this proposed mechanism. When the amount of vertical displacement at the installation position of this NEM is zero, the rotation angle, calculated by the first term of equation (5), is zero. It means that there is no control force. is result seems unreasonable. If a vehicle on the bridge is traveling at low speed, this control force cannot push the bridge back to its origin position. But, this component provides the effect of increasing the damping of the control system to improve the control stability of this NEM.
e effect of the integral gain coefficient (G I ) indicates that the rate of increase of the angle is proportional to the downward displacement (assuming the direction of downward displacement is positive).
e greater the downward displacement of the bridge is at the installation position of the NEM, the greater the rotation speed of the cantilever arm should be to quickly increase the upward control force. When the downward displacement at the installation position of the bridge is zero, the rotation angle of the cantilever arm remains unchanged to maintain the control force to offset the downward displacement of the bridge at the installation position of the NEM caused by the moving load. e control force created by this item is the main control force of the bridge with the NEM under static or slow-moving loads.
e effect of the differential gain coefficient (G D ) is that the rotation angle of the cantilever arm increases with the speed of the downward motion and also provides the effect of increasing stability. Advances in Civil Engineering To achieve the optimal control efficiency and control stability of the NEM, these three items need to be adjusted to achieve downward displacement control of the bridge. Problems with the settings of these three parameters may result in a poor control effect or stability problem. If these three control parameters can be adjusted carefully, the PID controller can provide a good control effect. In this study, the downward displacement of the bridge aimed to be zero, so the G P is set to zero. Since this study is aimed at relief bridges, the main goal of this NEM is to provide stability so as to reach the high stability of a relief bridge and meet the speed requirements of relief transportation facilities. Disaster relief vehicles are mainly heavy, so their traffic speeds are not high. In this study, the differential control gain G D is set as 2.13°/mm/sec to avoid unstable phenomenon. en, to compare the downward displacement control effect and approach the speed of stability, the integral control gain G I is set to 8.53, 17.07, and 34.13°/mm, respectively.
Test Setup and Experimental Parameters
To investigate the control effects and operation mode of NEM for bridge installed with the NEM, subjected to selfweight and service load, the reduced-scale bridge is designed to test and explore whether the operation of the NEM is consistent with the deduced operation mode and predicted control effects. e purpose of this experiment is to test and verify the feasibility, stability, and applicability of this proposed NEM.
Reduced-Scale Experimental Framework Design.
e main body of this reduced-scale bridge is made by polypropylene plastic, PP Hard Plastic production; its length, width, and thickness are 1100, 120, and 15 mm, respectively. e bridge support type is a simple support, and net span of bridge is 1020 mm. Two Carbon Fiber lines with a tensile strength of 500N are used to simulate the prestressed steel tendons of the bridge, hung by a steel block, with weight 196.25 N, provides a tensile prestressed force of 98.125N of each Carbon Fiber line. e midpoint of the bridge is installed with NEM, contains two RC servos provided with the maximum torque 200 N·cm, and cooperates with cantilever arm, with length 70 mm. e request materials and specifications of this reduced-scale bridge test are listed in Table 2 .
e experimental framework of the overall reduced-scale bridge is shown in Figure 10 . e sensor part of this experiment is as follows: (1) displacement meter is set up at the midpoint of the bridge model to measure the displacement responses of the bridge; (2) microcontroller unit, MCU, is applied to measure the speed responses of bridge, calculated by the detected displacements and time interval of the sensor data of MCU. e displacement meter, of variable resistance, used in this research, is the resistive-type apparatus, set up at the midpoint of bridge. e displacement responses, generated by the self-weight of the bridge and moving load, promote the brushes to change the voltage size of the output and then calculate the displacement responses by the voltage change. e controller part uses an Arduino Nano V3 microcomputer controller to take control of the operation of the entire NEM, including calculation, linking, and the transmission data to RC servos and displacement meters. e operating principle is to receive the displacement change of the midpoint of the bridge from the displacement meter and calculate its instantaneous velocity. en, the required control force is calculated to predict the rotation angle (equation (7)) of RC servos to turn the RC servo.
Test Parameters.
e purpose of this study is to verify the practicability and feasibility of this proposed NEM installed in bridge. e reduced-scale FRP bridge with NEM under dynamic moving load is investigated with the dynamic responses of bridge. e vertical displacement curves and mechanical behaviors of bridge without NEM and with NEM under various control parameters of PID controller are investigated whether the vertical displacement of bridge with NEM meet the requirements of the specification of FRP bridge [27, 28] . In this study, the main power of RC servo, used in the remote control model with very little output power, is applied to explore the displacement reaction of bridge with NEM with various control gain under the action of low-speed and high-speed moving load to compare its deformation control effect. e test parameters of this experiment are listed in Table 3 .
Experimental Results and Discussion

Test Results of Dynamic Tests with Low Speed.
To test and verify the operation mechanism and control effects of the NEM, the dead load of the pulley block was 18.97 N and the speed across the bridge was 6.38 cm/sec to explore the bridge deformation and the rotation angle of the RC servo changes.
e test results are shown in Figure 11 and discussed according to the five stages described in Section 2.2.
(1) Stage One.
e cantilever arm of the control mechanism maintains a horizontal orientation, and the vertical displacement of this test bridge is zero. Figure 11 shows that the maximum displacement of the time history of displacement variation at the midpoint of the bridge with the NEM control mechanism is less than 1/6000 of the span of the bridge. is displacement conforms to bridge design guidelines. Furthermore, the time history of displacement variation of the bridge under NEM control shows that the vertical displacement of the bridge under NEM control is much smaller than that of the uncontrolled condition. e rotation angle of the cantilever arm of the NEM increases as the pulley block approaches the midpoint 
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Advances in Civil Engineering of the bridge to produce a larger upward lift force to balance the action force of the pulley block. Test results revealed that this proposed NEM can increase the effective span of the bridge and reduce bridge deformation without increasing the cross section of the bridge. Figure 12 , it can be seen that the gain coefficients have an impact on the displacement control effect.
Control Effects of Dynamic Tests with Low and High
e maximum displacement responses of the bridge decrease with increases in the gain coefficient under the control condition, without diverging. However, the displacement control effects of these three gain coefficients provide good control results, as shown in Figure 12 . Displacement is reduced by 96.6%, 95.2%, and 91.1%, respectively. ere is no visible difference between these three gain coefficients for bridge protection. But, this proposed NEM must have a minimum torque capacity proportional to the residual displacement. erefore, a larger gain coefficient can be chosen without affecting the control of the stability of the bridge.
e displacement control effects for the bridge under a high-speed moving load ( Figure 13 ) are slightly reduced. e gain coefficients greatly influence the displacement control effects. e reduction rate of the displacement control for the gain coefficient G I � 34.13°/mm still reaches 91.0%. But, it is only 74.5% for the gain coefficient G I � 8.53°/mm. As the gain coefficient increases, the maximum displacement response is reduced, and it increases as the moving load speed increases for the closed-loop control of the PID controller. To obtain better displacement control effects, the moving speed should be limited. Actually, this limitation for disaster relief bridges has only a minor impact; after all, it is only a temporary support. But, the use of the bridge structure with NEM is greatly reduced for a bridge structure under a highspeed moving load. If the moving speed (location) of the moving load can be predicted under such conditions, the displacement control effect with open-loop control can be significantly improved. To extend the application of NEM method, multiple virtual bridge piers should be investigated in future studies.
Conclusions
e concept underlying this proposed device to form a virtual pier at the center of a bridge is that an unstable control mechanism connects a stable structure frame in series to constitute a neutral equilibrium mechanism (NEM). A prototype of the NEM, composed of a pair of prestressed steel tendons, an anchor seat, a rotation cantilever arm mechanism, and an RC servo, based on the concept and characteristics of the NEM, is proposed to test and verify the control effects of a bridge with an NEM installed at the midpoint of the bridge. Some conclusions can be summarized from a series of laboratory test results, as follows:
(1) e rotation angle of the cantilever arm, rotated by the RC servo, can be changed to appropriate angles to provide adequate upwards resultant force to balance the load based on the location of the moving load on the bridge. (3) e time history of displacement variation at the midpoint of the bridge with the NEM control mechanism shows that the maximum vertical displacements are controlled to far below 1/400 of the span of the bridge required by the design criteria. e NEMinstalled bridge conforms to bridge design guidelines. (4) No matter what the gain coefficients of the NEM are, displacement reductions of the bridge under control of the NEM with a low-speed moving load are greater than 90%. ere is no visible difference between these three gain coefficients for bridge protection. (5) For the displacement control effects for the bridge under control of the NEM with a low-speed moving load, higher integral control gain leads to higher displacement control effects. But, the displacement reduction effect for a high-speed moving load with high integral control gain is decreased. erefore, to obtain better displacement control effects, the moving speed should be limited.
is study confirms that the bearing capacity of an existing bridge with an NEM can be increased and the dead load of a bridge can be reduced. e effective span of the bridge can be increased without increasing the depth of the cross section. Test and analysis results verify the practicality of applying this proposed NEM to form a virtual pier of a bridge. Nevertheless, a simple device RC motor with slow reaction and low control accuracy is adopted as the actuator in this study to cause time lag and reduce the vertical displacement control effect of NEM.
erefore, the control methods of open-loop and closed-loop controls of the PID controller for this proposed NEM should be further investigated to examine the feasibility and practicability of this proposed NEM.
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